Biologic substrates, prepared by decellularizing and solubilizing tissues, have been of great interest in the tissue engineering field because of the preservation of complex biochemical constituents found in the native extracellular matrix (ECM). The integrity of the ECM is critical for cell behavior, adhesion, migration, differentiation, and proliferation that in turn affect homeostasis and tissue regeneration. Previous studies have shown that various processing methods have a distinctive way of affecting the composition of the decellularized ECM. In this study, we developed a bioactive substrate for hepatocytes in vitro, made of decellularized and solubilized liver tissue. The present work is a comparative approach of 2 different methods. First, we decellularized porcine liver tissue with ammonium hydroxide versus a sodium deoxycholate method, then characterized the decellularized tissue using various methods including double stranded DNA (dsDNA) content, DNA size, immunogenicity, and mass spectrometry. Second, we solubilized the decellularized porcine liver with hydrochloric acid versus acetic acid (AA) and characterized the resultant solubilized tissues using relevant methodologies including protein yield, immunogenicity, and bioactivity. Finally, we isolated primary porcine hepatocytes, cultured, and evaluated their bioactivity on the optimized decellularized-solubilized liver substrate. The decellularized porcine liver ECM processed by the ammonium hydroxide method and solubilized with AA displayed higher ECM integrity, low dsDNA, no evidence of intact nuclei, low human monocyte chemoattraction, and the presence of key molecules typically found in the native liver, a very important element for normal cell function. In addition, primary porcine hepatocytes showed enhanced functionality including albumin and urea production and bile canaliculi formation when cultured on the developed liver substrate compared to type I collagen.
Cell-based therapies have been an active area of investigation as an alternative to whole organ transplantation. Hepatocyte transplantations have been successfully performed for a variety of indications, including acute liver failure, endstage liver disease, and inborn errors of metabolism, and have shown positive therapeutic outcomes. [1] [2] [3] [4] However, hepatocyte transplantation has been hindered by the inability to secure a reliable and healthy cell source, shortage of organ donors, problems related to isolation of high-quality hepatocytes, and the inability of hepatocytes to proliferate in vitro. Moreover, hepatocytes undergo an epithelial to mesenchymal transition and have a drastic loss of their functionality and polarity when cultured in vitro; [5] [6] [7] [8] [9] [10] hence, the inability to obtain a large enough number of hepatocytes for therapeutic uses. 11, 12 Current cell culture models include the addition of cytokines, proteins, different media, coatings, gels, and sandwich methods as well as 2-dimensional (2-D) or 3-dimensional (3-D) cultures in an effort to further improve in vitro conditions for primary hepatocytes. [13] [14] [15] [16] [17] [18] [19] [20] Furthermore, matrices used for the culture of hepatocytes, such as type I collagen, fibronectin, and matrigel, have not demonstrated sufficient long-term success, possibly due to the absence of biochemical cues only found in the native cellular environment, critical for hepatocyte function. 13, 15, 18, [21] [22] [23] [24] [25] To emulate native biochemical cues in vitro, the use of decellularized extracellular matrix (ECM) has emerged as a key biomaterial to produce a tissue-specific scaffold that closely mimics the complex physical and chemical profile found in the native ECM microenvironment in vivo. 18, 26, 27 However, there are many factors to consider with decellularization and solubilization methods to achieve maximum preservation of the ECM biochemical profile created by and benefited the former resident cells in the native tissue. 26, [28] [29] [30] Liver ECM was obtained by removing endogenous cellular components from a native porcine liver. Porcine organ decellularization has high relevance in translational medicine, compared to rat or other subspecies, due to the high similarities of its protein biochemical profile with that of humans, in addition to regulatory advantages 31, 32 that allow a practical clinical transition into humans. [33] [34] [35] The purpose of developing a decellularized liver matrix was to create a liver-like environment that will ultimately be exposed to human cells or a human physiological milieu, with the intention of repairing, substituting, or enhancing liver pertinent characteristics. We used 2 different decellularization methods followed by 2 different solubilizing methods to obtain an optimized matrix with a biochemical profile closest to that of the in vivo environment. Structural and biochemical analyses of the decellularized and solubilized tissue matrix provided valuable information to address current concerns in hepatocyte tissue culture and to further understand the necessary biochemical cues to preserve hepatocyte functions.
Materials and Methods

Decellularization of Porcine liver
Porcine livers were used to develop a decellularized liver ECM. Livers were obtained from deceased pigs under a material transfer agreement that were part of other surgical studies approved by the Institutional Animal Care and Use Committee, US Army Institute of Surgical Research. The procurement of the liver was done by clamping and cutting both venous ends: suprahepatic and infrahepatic of the inferior vena cava (IVC), the hepatic portal vein, the intrahepatic artery, and the bile duct. Prewarmed 0.9% saline solution containing heparin (2,000 U/L) was used to perfuse the liver through the portal vein into the suprahepatic IVC, then through the hepatic artery to the suprahepatic IVC while all other vessels were clamped. The perfusion was terminated when most of the native red color was depleted and the liver appeared pale. The flushed porcine liver was then vacuum sealed (Food Saver1 Model V3425, Atlanta, GA, USA) and stored at À80 C until use. Prior to decellularization, the liver was thawed, sliced using a deli slicer (Berkel1 827A-PLUS, Troy, OH, USA) into *3-mm thick slices, and rinsed with distilled water for 30 min to remove any residual blood clots and debris. The sliced tissue was then decellularized under agitation (100 to 125 rpm; New Brunswick Scientific, Incubator Shaker, Edison, NJ, USA) using the methods discussed below.
Decellularizing methods. Ammonium hydroxide (method A) and deoxycolate (method B) were used to decellularize the porcine liver slices. In both methods, the liver slices were initially incubated in 0.025% trypsin-ethylenediaminetetraacetic acid (EDTA) (Gibco, 25200056, Waltham, MA, USA) at 37 C for 1 h, then in a solution of 1% triton X-100 (Thermo Scientific, 215680010, Waltham, MA, USA) containing 0.1% ammonium hydroxide (Ricca Chemical, RABA002025D1, Arlington, TX, USA), agitated for 8 h at room temperature (method A), or in a solution of 3% triton X-100 for 1 h followed by a solution of 4% sodium deoxycholate (Sigma-Aldrich, D6750, St. Louis, MO, USA) for another 1 h under agitation (method B). Finally, the slices in both methods were thoroughly rinsed, incubated overnight in deionized distilled water, and chemically sterilized using 0.1% peracetic acid (PAA Sigma-Aldrich, 77240) in 4% ethanol (Sigma-Aldrich, 24102) for 2 h and rinsed twice with sterile phosphate-buffered saline pH 7.4 (PBS Gibco, 10010023) followed by deionized distilled water. Under sterile conditions, the decellularized liver slices were lyophilized, cut into small pieces, and milled using a rotary blade (Thomas Wiley1 Mini-Mill Cutting Mill, 3383L10, Swedesboro, NJ, USA). The obtained powder of porcine liver ECM (pLECM) was sieved (mesh sieve designation #40) to achieve a particle size of less than 0.420 mm, was collected in sterile tubes, and stored in À20 C until further use.
Solubilization of pLECM
Solubilization of pLECM was optimized using different concentrations of hydrochloric acid (HCl) or acetic acid (AA). Briefly, pLECM powder was mixed with 0.001 to 1 N HCl (Fluka, 38272, Morris Plains, NJ, USA) and porcine pepsin (Sigma-Aldrich, P7000) or 0.001 to 1 M AA (Sigma-Aldrich, 27225) and porcine pepsin keeping a 5:1:2 (mg:mL:mg) proportion, under constant stirring at 4 C until no traces of powder were visible and a homogenous solution was formed (*72 h). The solution was then filtered using a sterile 100 mm sieve, centrifuged at 3,000Â g for 10 min, aliquoted, and stored at À20 C until further use.
Deoxyribonucleic Acid (DNA) Analysis
Lyophilized pLECM was analyzed for DNA content before and after decellularization using Quant-iT PicoGreen (Qiagen/Invitrogen, P7589, Hilden, Germany) according to manufacturer's instructions. Briefly, 2 mg of pLECM or native liver tissue was digested with proteinase K for 6 h at 56 C, then it was processed with DNeasy Blood & Tissue Kit (Qiagen, 69504) to extract the DNA following purification using a QIAprep 2.0 Spin Miniprep Columns (Qiagen, 27115). Equal volumes of eluted DNA and PicoGreen dye solution were mixed and fluorescence was measured at 520 nm (Biotek1 Synergy HTX Multi-Mode Reader, VT, USA) to determine DNA amount. Known concentrations of DNA were used as a standard curve. The DNA values were normalized by the dry weight of the original pLECM sample. Southern blotting: 320 ng DNA were analyzed in a FlashGel DNA Cassette, 2.2% (Lonza, 57031) at 100 V for 1 h, stained with Syto 601 (Thermo, Waltham, MA USA; S11342), and then visualized with a Laser 700 nm (LI-COR Odyssey1 Fc Imager) using a 1 Kb Plus DNA Ladder (Invitrogen, 10787018).
Protein Extraction and Analysis
Resulting pLECM (10 mg) was processed (N ¼ 3) to extract native proteins for analysis and quantification. One milliliter of Bio-Rad Ready Prep 2-D Rehydration/Sample Buffer (BioRad, Hercules, CA, USA; 1632106) was added to each sample consisting of 8 M urea, 2% 3-([3-Cholamidopropyl]-dimethylammonio)-1-propanesulfonate hydrate (CHAPS), 50 mM Dithiothreitol (DTT), 0.2% Bio-Lyte1 3/10 ampholyte, and 0.001% bromophenol blue solution then sonicated for 30 min on ice, warmed at 32 C for 5 min, briefly snap frozen in liquid nitrogen, and thawed at 32 C. The freezethaw process was repeated twice. The samples were centrifuged at 21,000Â g for 10 min and the supernatant was transferred to a new centrifuge tube. The remaining precipitates were processed with 100 mL dimethyl sulfoxide (DMSO), sonicated for 30 min on ice, and centrifuged at 21,000Â g for 10 min. The supernatant was combined with the supernatant from the previous step and 200 mL was transferred to a new tube, mixed with 1 mL acetone, and stored at 4 C overnight to precipitate proteins. The samples were centrifuged at 21,000Â g for 1 min and the resulting precipitates were air dried to remove the acetone.
Bicinchoninic Acid (BCA) Protein Quantification
Protein concentrations were determined using a BCA™ protein assay kit (Thermo, 23225), according to manufacturer's instructions. Extracted protein (25 mL) was mixed with 200 mL BCA working reagent and incubated at 37 C for 30 min. Absorbance was measured at 562 nm using a Synergy HTX Multi-Mode Reader (Biotek). Known concentrations of bovine serum albumin (BSA, Sigma-Aldrich, 1076192 USP) were used as standard curve.
Mass Spectroscopy
Proteins extracted from the pLECM (see Protein Extraction and Analysis section) were separated by 1-D sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using a Criterion XT 12% gel and then stained with Coomassie blue. The protein-containing region of each gel lane was divided into 7 slices which were individually reduced in situ with tris (2-carboxyethyl) phosphine and alkylated in the dark with iodoacetamide prior to treatment with trypsin (Promega, V5111, Madison, WI, USA). The digests were analyzed by capillary high-performance liquid chromatography (HPLC)-electrospray ionization tandem mass spectrometry (HPLC-ESI-MS/MS) on a Thermo Fisher LTQ Orbitrap Velos Pro mass spectrometer fitted with a New Objective Digital PicoView 550 NanoESI source. Online HPLC separation of the digests was accomplished with an Eksigent/AB Sciex NanoLC-Ultra 2-D HPLC system (column, PicoFrit™ [New Objective; 75 mm internal diameter]) packed to 15 cm with C18 adsorbent (Vydac, Columbia, MD, USA; 218MS 5 mm, 300 Å ). Precursor ions were acquired in the Orbitrap from 300 to 2,000 m/z in profile mode at 60,000 resolutions (400 m/z); data-dependent collision-induced dissociation spectra of the 6 most intense ions in each precursor scan were acquired at the same time in the linear trap (MS2 isolation width ¼ 3; unassigned charge states rejected; normalized collision energy ¼ 30; dynamic exclusion repeat count ¼ 1; dynamic exclusion repeat duration ¼ 30 s). Mascot (Matrix Science, Boston, MA, USA) was used to search the spectra against the mammal's subset of the National Center for Biotechnology Information (NCBI) nr database. Cysteine carbamidomethylation was set as a fixed modification, and methionine oxidation and deamidation of glutamine and asparagine were considered as variable modifications; trypsin was specified as the proteolytic enzyme, with 1 missed cleavage allowed. The Mascot results files were combined for subset searching of the identified proteins by X! Tandem cross-correlation with the Mascot results, and determination of protein and peptide identity probabilities was accomplished by Scaffold (Proteome Software, Inc., Portland, OR, USA). The thresholds for acceptance of peptide and protein assignments in Scaffold were 95% and 99%, respectively, 2 peptides minimum per protein.
Peptide Analysis
Scaffold (Proteome Software) was used to validate protein identifications derived from MS/MS sequencing results using the X! Tandem 36 and ProteinProphet computer algorithms. 37 Scaffold verified peptide identifications assigned by SEQUEST, Mascot, or other search engines (NCBI, Pantherdb) using the X! Tandem database searching program 36, 38 Scaffold then probabilistically validated these peptide identifications and derived corresponding protein probabilities using ProteinProphet. [37] [38] [39] All protein sequences were filtered by taxonomy (Sus scrofa). Common and statistically different proteins were analyzed in protein analysis through evolutionary relationships. Proteins were classified using comprehensive gene ontology (GO) 40, 41 annotations. Details of the methods can be found elsewhere. 42, 43 Biochemical Characterization of pLECM
The amounts of hydroxyproline, elastin, and glycosaminoglycans (GAGs) present in native and decellularized tissues were quantified with Hydroxyproline Assay (BioVision, K555-100, Milpitas, CA, USA), Fastin Elastin Assay (Biocolor, Carrickfergus, UK; F2000), and Blyscan Sulfated GAG Assay (Biocolor, B1000), respectively, according to manufacturer's instructions. The concentrations of hydroxyproline, elastin, and GAGs in each sample were determined using a standard curve of known concentrations of each protein at absorbance 560, 513, and 656 nm, respectively. All absorbance measurements were performed using a Synergy HTX Multi-Mode Reader (Biotek) and the resulting values were normalized by original dry weight of tissue.
Enzyme-linked Immunosorbent Assay (ELISA) to Assess Growth Factor Content
The amount of growth factors present in the pLECM was quantified according to manufacturer's protocols using a commercially available ELISA kit. Hepatocyte growth factor (HGF; Abcam, Cambridge, MA, USA), basic fibroblast growth factor (bFGF; Abcam), and epidermal growth factor (EGF; Abcam) were analyzed, and the values were normalized by total protein quantified by BCA. All measurements were performed in triplicates in a Synergy HTX Multi-Mode Reader (Biotek).
Histology and Immunohistochemistry
Samples of liver tissue before and after decellularization were analyzed using standard histological and immunohistological techniques. Picrosirius red (PSR) under polarized light and 4 0 ,6-diamidino-2-phenylindole (DAPI) to stain intact nuclei before and after decellularization were used. Tissue samples were fixed with 4% buffered formaldehyde (Fisher Scientific, F79-4) for 20 min, washed with Hank's balanced salt solution (HBSS; Invitrogen, Carlsbad, CA, USA), treated serially with increasing concentrations of sucrose (from 5% to 20%), and then incubated overnight with 20% sucrose (Sigma-Aldrich, St. Louis, MO, USA). The sucrose-treated biopsies were embedded in a 20% sucrose:histoprep mixture (2:1; Fisher, Pittsburgh, PA, USA), frozen by immersing them in isopentane, and cooled by liquid nitrogen and stored at À80 C for immunohistochemical analysis. Paraffin embedded or cryopreserved slides were processed, stained, and visualized using an Olympus BX60 microscope (Center Valley, PA, USA) equipped with the appropriate filters for polarized light.
Chemotaxis Assay
To evaluate the immunological response of human monocytes in the presence of pLECM in vitro, a chemoattractant assay of primary human blood monocytes was performed. The peripheral blood mononuclear cells (PBMCs) were isolated from whole peripheral blood of healthy human donors by density gradient centrifugation. Each vial (BD1 Hemogard™, BD Vacutainer1, 367654, Franklin Lakes, NJ, USA) of whole blood collected in purple top vials ethylenediaminetetraacetic acid (EDTA) was diluted with an equal volume of phosphate-buffered saline (PBS) þ 2% heat inactivated fetal bovine serum (HIFBS; Thermo, 10438026), then added to 15 mL of Ficoll-Paque™ PLUS (GE Healthcare Bio-Sciences) and centrifuged at 400Â g without breaks for 30 min at room temperature. The buffy coat at the interface was carefully removed, added to 30 mL of PBS þ 2% HIFBS, and centrifuged at 400Â g for 10 min. The resulting cell pellet was washed twice with PBS and resuspended in complete Roswell Park Memorial Institute (RPMI) 1604 media (Thermo Cat. 11875119) before seeding in a T-75 tissue culture flask. After 3 h, the media was replaced with fresh media, and the adherent cells (predominantly monocytes) were cultured for 48 h. Chemotaxis was evaluated in a transmigration 96-well plate using BD Falcon FluoroBlok multiwell inserts with 3 mm pores. Freshly isolated PBMCs were stained using cell tracker CM-DiI (Molecular Probes1, Eugene, OR, USA; C7001) according to manufacturer's specifications. Stained PBMCs were resuspended in DMEM (Gibco 0567-014) media at a density of 2 Â 10 6 cells/mL and added onto upper compartment (50 mL/well) and set aside. In a separate BD Falcon™ 96-square well, flatbottom plate, 200 mL of chemoattractant solution, consisting of 300 mg of total protein, from decellularized and native liver tissue, in DMEM, was added to the bottom compartment; 50 nM monocyte chemotactic protein-1 (R&D Systems, Minneapolis, MN, USA; 279-MC) was used as positive migration control per manufacturer's recommendation. 44 The multiwell insert containing the cells was gently lowered into the plate containing chemoattractants and immediately placed into an incubator at 37 C for 1 h. After 1 h of incubation, cells that had migrated from the top to the bottom chamber were quantified by reading the fluorescence of migrated cells at 545/575 nm wavelength (Biotek).
Cytotoxicity/Attachment/Proliferation of HepG2/C3A Cytotoxicity, attachment, and proliferation of a human cell line HepG2/C3A (ATCC1 CRL-10741™) were measured by culturing cells with DMEM and 10% HIFBS on the pLECM substrate. To coat TC plates, solubilized pLECM (5 mg/mL) was mixed 1:1 with DMEM. Then, 200 mL was added per well (6-well plate) and incubated in a 5% CO 2 humidified incubator at 37 C overnight. Excess solubilized pLECM solution was then removed and the wells were washed twice with PBS before culturing cells. All cell culture experiments were performed in a 5% CO 2 humidified incubator at 37 C for 7 d. To assess cell viability, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used.
System Equipment Setup for Hepatocyte Isolation from Porcine Liver
Porcine primary hepatocytes were isolated to evaluate the effect of pLECM substrate on hepatocytes and their native functions in vitro. The perfusion apparatus to isolate porcine hepatocytes from livers included 2 perfusion pumps (Masterflex L/S 161 for inflow and Fisher Scientific™ VariableFlow-medium-high flow for outflow), in conjunction with an oxygenator (made with Silastic1 medical oxygen permeable tubing) and a bubble trap to create a constant flow of the various solutions used in the protocol. All equipment was previously sterilized using 70% ethanol or autoclaved.
Preparation of Perfusion Solutions
All perfusion solutions were prepared fresh, under sterile conditions, filtered with a 0.22 mm filter, and prewarmed in a water bath (41 C) before use. Freshly excised porcine liver tissue was placed in cold solution 0 (Table 1) and transferred to a biological safety cabinet with the perfusion apparatus. The liver section was placed in the appropriate size container and partially filled with enough solution 0 to cover tissue when submerged. Perfusion lines were purged prior to initiating perfusion to ensure that all lines and bubble trap were free of air bubbles prior to initiating perfusion.
Hepatocyte Isolation
Hepatocytes were isolated from a porcine liver section using a 2-step collagenase perfusion. The liver section (*10 g) was excised with a single cut from the tip of the middle lobe to include as much intact Glisson's capsule as possible. Before starting the isolation, the perfusion system was primed with solution 1 (Table 1 ). An irrigation cannula tip was utilized to flush out any remaining blood in the liver section using 250 mL of solution 1 at a low flow rate (10 to 20 mL/min) until the tissue became lighter, an indication of good perfusion. The liver section was kept moist with gauze soaked in 0.9% saline solution (Hospira, Lake Forest, IL, USA; 0409-7983-03). Next, 250 mL of solution 2 (Table  1 ) was used to perfuse the liver section followed by 300 mL of solution 3 ( Table 1 ). The flow rate was kept between 10 and 100 mL/min. Solution 3 was reused until the liver was sufficiently digested. At the end of the perfusion, the liver tissue disintegrated under the Glisson's capsule indicating the end of the perfusion step. The liver section was then placed in a dish containing cold (4 C) 50 mL of solution 4 ( Table 1 ). The Glisson's capsule was carefully removed and the cells were gently shaken out into the dish. The cell suspension collected in solution 4 was filtered twice through a sterile 100-mm nylon mesh and centrifuged at 50Â g for 5 min at 4 C. The supernatant was aspirated and the cell pellet was resuspended in 50 mL of solution 4. The centrifugation of the cell pellet in solution 4 was repeated 3 times, with a final resuspension of the cells in 50 mL of cold solution 5 (Table 1) . Cell viability was evaluated using a trypan blue exclusion assay.
Cell Culture of Porcine Hepatocytes on pLECM
To evaluate the effect of solubilized pLECM on hepatocytes, porcine primary hepatocytes were cultured on pLECMcoated multiwell plates. Type I collagen-coated plates (Cat. A11428-01, Gibco) were used as control. Various concentrations of pLECM were used to optimize the assay based on initial seeding attachment to obtain a confluent monolayer (data not shown).
Viability and Proliferation
MTT (3-(4,5-dimethylthiozole-2-yl)-2,5-diphenyltetrazolium bromide, Molecular Probes M6494) assay was used to evaluate cell number/viability. A standard curve with known cell number was used at each time point evaluated. Briefly, MTT solution (25 mL, 5 mg/mL) was added to each well and incubated for 5 h in a 5% CO 2 , 37 C humidified incubator. After incubation, the formazan complex was extracted with DMSO and the absorbance was measured at 570 nm. 
Albumin Production by Porcine Hepatocytes
Albumin secreted by porcine hepatocytes was measured using a commercially available porcine-specific ELISA kit (Abcam, ab108794) designed for the quantitative measurement of albumin levels in cell culture conditioned media. Known concentrations of porcine albumin were tested in parallel with the experimental samples, and absorbance measurements were performed in a Synergy HTX Multi-Mode Reader (Biotek). Sample values were normalized by cell number quantified by MTT as described above.
Colorimetric Assay for Ureogenesis
Urea secretion was measured in supernatant of cultured cells collected at various time points using a colorimetric assay kit (QuantiChrom™ Urea Assay Kit, Hayward, CA, USA) according to the manufacturer's instructions.
Known concentrations of urea were tested in parallel with the experimental samples. All measurements were performed in a Synergy HTX Multi-Mode Reader (Biotek). Sample values were normalized by cell number quantified by MTT as described above.
Fluorescence Microscopy for Bile Canaliculi Formation and Low-density Lipoprotein Uptake
Bile function formation was assessed by fluorescence microscopy, using cholyl-L-lysyl-fluorescein (CLF, Corning 451041, Corning, NY, USA), a fluorescent bile salt derivative. CLF was added (5 mM) to cells in culture, incubated at 37 C, 5% CO 2 , for 30 min, and followed by 2 washes with HBSS. Hepatocyte morphology and accumulated CLF were imaged using a fluorescent microscope (Invitrogen1 EVOS™ FL Auto Imaging System, Carlsbad, CA, USA).
Results
Decellularization and Characterization of Porcine Liver Tissue
Porcine livers were successfully procured, using a surgical procedure similar to those used in human liver procurements for transplants 45 (Fig. 1a) . Effective cell lyses with minor disruptions of the ECM ultrastructure 46 and uniform shape of the liver tissue was accomplished by freeze-thaw cycles and slicing while the tissue was still frozen, respectively (Fig. 1b) . Both decellularization protocols (methods A and (Fig. 1c) . DAPI staining of intact nuclei and picogreen quantification of dsDNA revealed that both methods A and B significantly reduced the amount of cellular dsDNA (P < 0.01) from native porcine liver with high efficiency. Specifically, method A removed 98.67% and method B removed 96.53% of dsDNA compared to native tissue (N ¼ 5). However, only method A resulted in a concentration of <50 ng/mg dry weight of dsDNA (Fig. 1f) . Both methods A and B completely removed intact cell nuclei as seen by DAPI histological section staining ( Fig. 1d and e) . Interestingly, only method A had DNA fragments <200 bp (Fig. 1g) . Based on the above data, method A fulfilled all minimal criteria for successful decellularization according to Badylak et al. 47 , (a) <50 ng dsDNA per mg ECM dry weight, (b) lack of visible nuclear material in tissue sections, and (c) <200 bp DNA fragment length, and method B did not.
B) resulted in clear tissues
Protein Content in the Decellularized Porcine Tissue
Mass Spectrometry analysis of the pLECM produced a total of 701 proteins that were identified and categorized by NCBI annotation as S. scrofa (pig) with a probability of over 95%.
Statistically, a total of 560 proteins were shared, without statistical difference (N ¼ 3), between the liver decellularized by methods A and B. In contrast, a total of 48 proteins were significantly higher in method A than method B, and a total of 93 proteins were significantly higher in method B compared to method A (Fig. 2a) . Proteins were classified using comprehensive GO annotations. The protein class of those statistically different proteins found between liver ECM decellularized by methods A and B was analyzed; it became evident that the nature of proteins was different (Table 2 ). Decellularized liver ECM by method A contained higher amount of proteins with a classification pertinent to the extracellular component such as fibronectin, proteoglycans, and collagen I/IV, necessary for the regeneration of liver and critical in the differentiation and stability of hepatocytes. [48] [49] [50] On the contrary, the proteins in liver ECM decellularized by method B were categorized as proteins pertinent to intracellular constituents indicating incomplete decellularization. In addition, SDS-PAGE of pLECM obtained by methods A and B results showed that the decellularized liver by method B contained lower molecular weight proteins than those seen by method A (Fig. 2b) . Based on the above findings, we selected method A as the most efficient method for decellularization of porcine liver; hence, from this moment forward, method A was used for the characterization of pLECM.
Immunological Response of Human Monocytes to pLECM
Immunological response assays provided significantly lower (P < 0.05, N ¼ 3) chemoattraction values of human monocytes to decellularized porcine liver (pLECM) than those measured in native porcine liver (Fig. 2c) . 28, 51, 52 However, there was no statistical difference between methods A and B. Similarly, comparison of pLECM to commercially available grafts clearly showed the amount of monocyte chemoattraction of the commercially available grafts was much higher (*2-fold and *10-fold) than those of decellularized liver (data not shown).
Effect of Decellularization on Collagen
PSR staining of pLECM in combination with polarized light showed that decellularization using method A preserved the morphology and the color pattern of the collagen fibers, a sign of effective decellularization, while retaining the fibrillar native ECM configuration (Fig. 3a and b) . Specifically, yellow fibers were visualized on the perimeter of the liver lobule and the central vein and green fibers were seen between the sinusoidal spaces of Disse, typical of that seen in the normal liver tissue.
ECM Biochemistry
Biochemical analysis of selected extracellular proteins, including collagen (hydroxyproline), elastin, and glycoproteins, before and after decellularization (method A) demonstrated increased concentrations of all proteins except elastin. Specifically, the amount of collagen (normalized by dry weight) statistically (P < 0.05) increased from native to decellularized porcine liver; <1% (33 mg/mg) to >18% (183.7 mg/ mg) of total dry weight, respectively (Fig. 3c) . Similarly, there was a significant (P < 0.05) increase of GAGs in the decellularized porcine liver (10.35 mg/mg) compared to native (6.5 mg/mg) porcine liver (Fig. 3d) . In contrast, elastin showed a significant reduction (P < 0.05) in the decellularized porcine liver 44.5 mg/mg from 84.9 mg/mg in native porcine liver (Fig. 3e) . To further understand the bioactive potential of our pLECM, we examined the presence of key growth factors in liver function including HGF, EGF, and bFGF. ELISA results demonstrated the presence of HGF (1.07 mg/mg) in our pLECM (Fig. 3f) and it was the most abundant of the growth factors tested 53, 54 and higher than those found in rat liver. 55 EGF was detected at 0.7 pg/mg in the pLECM (Fig. 3f) and was the least abundant detected from the growth factors tested. Likewise, bFGF was detected at 40 pg/mg (Fig. 3f) .
Solubilization of Decellularized Porcine Liver
Lyophilized pLECM (Fig. 4a) was solubilized (Fig. 4b) . To optimize and understand the effect of the solubilization variables in the pLECM, we first evaluated the effect of pepsin concentration in the digestion of pLECM. Partial digestion of pLECM with pepsin was attained and reached a saturation point at 20 mg (data not shown) for 50 mg of pLECM. Indicating that pepsin quantities below 20 mg are suboptimal for digestion and higher amounts are unnecessary. The highest yield of solubilized pLECM (27.3%) was reached using 0.01 N HCl (method A) and it plateaued at higher concentrations (Fig. 4c) . Similarly, the highest yield of solubilized pLECM (24.5%) using AA (method B) was seen at a concentration 0.5 M (Fig. 4c ). Both methods resulted in similar pLECM solubilization yield (P > 0.05). However, the Fig. 3 . Histological sections of porcine liver stained with picrosirius red under polarized bright field (a) before and (b) after decellularization. Scale bar: 200 and 100 mm, respectively. Total concentration of (c) hydroxyproline, (d) glycosaminoglycans (GAGs), (e) elastin, (f) hepatocyte growth factor (HGF), fibroblast growth factor 2 (FGF-2), and epidermal growth factor (EGF) in native and decellularized porcine liver using method A (N ¼ 3). *P < 0.05.
concentration of AA (0.5 M) was 50 times higher than that required by HCl (0.01 N) to achieve the same solubilization yield. Finally, the pLECM solubilization was optimal using 50 mg ECM: 10 mL, 0.5 M AA: 20 mg pepsin.
Immunogenic Response of Solubilized pLECM
The chemoattraction values of human monocytes to solubilized decellularized porcine liver by both AA and HCl methods were significantly lower (P < 0.05, N ¼ 3) than those measured in native porcine liver (Fig. 5) . Interestingly, the chemoattractant values of solubilized pLECM by either method were not different than the pLECM alone, suggesting that the solubilization did not influence the chemotaxis of human monocytes (Fig. 5) .
Cytotoxicity of Solubilized pLECM on HepG2/C3A Cells
MTT results demonstrated similar increase in cell proliferation and noncytotoxic effect from the substrate to HepG2/ C3A cells cultured on solubilized pLECM-AA-and pLECM-HCl-coated plates (Fig. 6a) . However, the number of HepG2/C3A cells that attached after seeding (day 1) was higher in the pLECM-AA than the cells cultured in pLECMHCl (Fig. 6b) . In addition, the attachment rate of cells on pLECM-AA was similar to that of cells cultured on rat type I collagen-coated wells which is considered the gold standard in hepatocyte culture in vitro (Fig. 6b ).
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Albumin and Urea Production by HepG2/C3A
Conditioned media from HepG2/C3A cultured on pLECM-AA showed statistically (P < 0.05) higher cumulative albumin when cultured in pLECM-AA (416.6 mg/1 Â 10 6 cells/ mL) substrates compared to cells cultured in pLECM-HCl (355.5 mg/1 Â 10 6 cells/mL) substrates (Fig. 7a) . Similarly, HepG2/C3A cultured on pLECM-AA showed statistically (P < 0.05) higher cumulative amounts of urea (13,469.2 mg/ dL/1 Â 10 6 ) compared to cells cultured on pLECM-HCl (10,062.4 mg/dL/1 Â 10 6 ) substrates (Fig. 7b) . Therefore, pLECM-AA was selected as the preferred solubilized substrate for the in vitro culture of cells from this point forward.
Isolation of Primary Porcine Hepatocytes
Hepatocytes were isolated from a porcine liver section taken from the middle lobe (*10 g) of an intact porcine liver, using a 2-step collagenase perfusion. The average porcine hepatocyte isolation yielded *5 to 6 Â 10 6 cells/g of wet liver, with an average viability (trypan blue exclusion) of *95%. Isolated porcine primary hepatocyte cells were then cultured on the pLECM-AA substrate at various seeding densities in order to optimize the appropriate cell number, which has been reported to be crucial in hepatocyte attachment, morphology, and cell-cell interaction in vitro.
9,10,20,60-62 Based on the above parameters, we concluded that the optimal seeding density was *130,000 cells/cm 2 for culturing hepatocytes that displayed a confluent monolayer with cuboidal morphology (Fig. 6c) .
Albumin and Urea Synthesis by Primary Porcine Hepatocytes
Evaluation of albumin and urea synthesis by primary porcine hepatocytes in monolayer culture over 7 d produced more The cumulative albumin production of primary porcine hepatocytes cultured on pLECM-AA substrates was 31.82 ng/1,000 cells, which is significantly higher (P < 0.05) than cumulative albumin produced by porcine hepatocytes cultured on type I collagen (24.04 ng/1,000 cells) substrates (Fig. 7c) . Similarly, porcine hepatocytes synthesized significantly (P < 0.05) more urea when cultured on pLECM-AA substrates compared to those cells cultured on standard type I collagen substrate. Porcine hepatocytes synthesized an average of 18.4 mg/dL/1 Â 10 6 cells/d of urea when cultured on monolayers of pLECM-AA compared to 14.8 mg/dL/1 Â 10 6 cells/d of urea when cultured on type I collagen (P < 0.05). The cumulative levels of urea were highest when porcine hepatocyte cells were cultured on pLECM-AA (111.6 mg/dL/1 Â 10 6 cells) compared to those cells cultured on type I collagen (89.14 mg/dL/1 Â 10 6 cells) substrates (P < 0.05, Fig. 7d ).
Bile Canaliculi Formation
The CLF staining of porcine hepatocytes cultured in pLECM-AA showed fluorescent staining associated to functional canalicular space formation and hepatocyte polarization. Furthermore, cells cultured on pLECM-AA showed more robust fluorescent structures than those cells cultured on type I collagen substrate, and the difference between the canalicular spaces/fluorescence was more noticeable on the last day of culture (Fig. 8 ).
Discussion
In this study, we have successfully developed and optimized a method to create a substrate from decellularized porcine liver (pLECM) that enhances pertinent biological functions of primary porcine hepatocytes in vitro compared to the standard collagen type I substrates. Although both decellularization methods, ammonium hydroxide and deoxycolate, produced comparable results in the reduction of dsDNA and intact nuclei, pLECM-AA exhibited higher preservation of ECM components and the biochemical profile typically seen in the native liver. These ECM components are not only needed as adhesion molecules for the survival of hepatocytes but are also essential as bioactive molecules, since they can change the fate of cultured cells due to their inherent mechanical properties, migrating platform, and/or signal transduction activation. Some liver ECM proteins increased in quantity after decellularization. Specifically, there was a significant increase in hydroxyproline and GAGs in the decellularized liver compared to native liver which can be explained as follows: the normalization was based on dry weight of tissue, which in the native liver is largely due to cells. Cells do not contain insoluble collagen fibers or GAGs; hence, the percentage of collagen per total dry weight is low in the native liver. After decellularization most of the dry weight in the tissue is ECM, something that could be described as "compaction" of the ECM, which occurs with the removal of the cells and causes the tissue to "collapse" or shrink. Hence, the higher content of collagen and GAGs is in the decellularized liver. In contrast, elastin showed a significant reduction, primarily because it is synthesized intracellularly from soluble monomers (tropoelastin). [63] [64] [65] Our method of detection uses 5,10,15,20-tetraphenyl-21H,23H-porphine tetrasulfonate which is not capable of distinguishing insoluble from soluble elastin. Hence, the measured elastin in the native liver was not entirely from the ECM but from a combination of intra-and extracellular compartments. It is possible that porcine liver tissue specifically contains a considerable amount of intracellular soluble elastin (tropoelastin) that is being statistically (P < 0.05) reduced by our method of decellularization. [66] [67] [68] [69] It is important to mention that elastin is a minor connective tissue component in normal liver, but it is actively synthesized by hepatic stellate cells and portal fibroblasts in diseased liver. Elastin precursor tropoelastin, elastin polymer, and elastin degradation products all possess biological activity that may influence inflammatory cells and connective tissue cells in the organ. 70 Analysis of growth factor present in the pLECM decellularized with ammonium hydroxide showed high quantities of HGF followed by fibroblast growth factor 2 (FGF-2) and small amounts of EGF after decellularization. Expression of the above growth factors plays a very important role in regeneration and hepatocyte proliferation. Specifically, a typical effect after partial hepatectomy is the interplay between hepatocytes, nonparenchymal cells, and the ECM that leads to the rapid restoration of liver mass, predominantly through the proliferation of the adult hepatocyte population. 71 This process is driven by a diverse range of mitogens of which HGF, epidermal growth factor receptor (EGFR) ligands, fibroblast growth factor 1, and FGF-2 are among the most potent. 72 HGF causes a strong mitogenic response and clonal expansion of hepatocytes in culture. 73 When HGF and EGFR ligands are infused into the regenerating liver (e.g., after partial hepatectomy), they increase the rate of hepatocyte proliferation and can lead to a faster restoration of liver mass. [74] [75] [76] Solubilization of pLECM reached comparable total protein yield in solution with 0.5 M AA and 0.01 N HCl. pLECM-AA showed higher initial attachment and higher albumin and urea production in HepG2/C3A cell cultures compared to pLECMHCl. The need of a higher AA concentration to achieve comparable HCl yields was anticipated due to the nature of the acids: strong (HCl) versus weak (AA). Similarly, it is possible that the weak nature of the AA better preserved bioactive moieties compared to solubilization using HCl, thus the different HepG2/C3A biological response.
Another important element to study when using acellular matrices in tissue engineering is the ability to characterize their possible immunogenicity. In our in vitro chemotactic assay, the developed pLECM-AA demonstrated lower immunogenicity when exposed to human monocytes compared to native tissue. Although an in vitro immunogenicity test cannot predict with certainty the in vivo response, our results are encouraging. This assay seems to not only provide a functional way to study immunogenicity but also a functional way to quantify the quality of decellularization in vitro.
To better understand the biological influence of our pLECM-AA on hepatocytes, we cultured primary porcine hepatocytes on pLECM-AA-coated plates. Then, quantified their albumin synthesis, [77] [78] [79] which is commonly used as a marker to describe the overall hepatocyte differentiated state due to its adult-liver specificity. We also measured ureogenesis (urea synthesis from ammonia), 80 which is an exclusive function of the liver, and the formation of intact/functional canalicular networks. The study of these functions was done over the course of 7 d, since hepatocytes cultured in a conventional monolayer usually retain their hepatocyte characteristics for approximately 1 wk accompanied by rapid metabolic decline, phenotypic alterations, and apoptosis. 81, 82 Albumin and urea synthesis by primary porcine hepatocytes were higher on pLECM-AA than that on type I collagen indicating that pLECM-AA is more suitable for culturing primary porcine hepatocytes compared to type I collagen substrates.
In addition to albumin and urea synthesis, we studied bile formation, which is a vital function of the liver and involves sodium-dependent and sodium-independent uptake of bile salts from the portal blood and Adenosine triphosphate (ATP)-dependent canalicular excretion. 83 In this study, we used fluorescein-labeled CLF, which closely resembles the biological behavior of bile acid that naturally occurs with cholylglycine. CLF is commonly used as an agent for determining bile transport function, since it is mainly secreted into bile canaliculi by bile salt efflux pump. 84 This assay is a simple and fast method to evaluate changes of tight junction polarity and permeability in hepatocyte couplets. Retention of the fluorescent dye is an indication of canalicular space formation and an indication of hepatocyte functional polarization. 85 Conversantly, the fluorescent dye is secreted to the media when hepatocyte polarity is lost. 86 Our results showed higher retention of the fluorescent dye by the hepatocytes cultured on pLECM-AA than those on type I collagen, suggesting that hepatocytes cultured on pLECM-AA are possibly going through a slower epithelial-mesenchymal transition or the ECM components are conducive of canalicular structure formation. Due to the complexity of the matrix, it is not clear which molecule(s) is the main contributor in retaining the epithelial functionality of the hepatocytes. However, few candidates like keratin, heparan sulfate, plectin, and plakophilin would be worth investigating in the future. [87] [88] [89] [90] [91] It is important to note that the cellular functions studied here are not the only relevant properties when studying hepatocytes. Hence, attention is recommended when selecting the best decellularization/solubilization method used, depending on the parameter most relevant to the investigator.
Establishment and maintenance of hepatocyte polarity is essential for many functions of hepatocytes and requires carefully orchestrated cooperation between cell adhesion molecules, cell junctions, cytoskeleton, ECM, and intracellular trafficking machinery. Having a substrate-like pLECM-AA that can prolong hepatocyte polarity is of great advantage and needed technology. This biomatrix is of special importance in the field of medical research and translational technologies that rely on accurate and stable physiological hepatocyte functions. In our future work, we are planning to study on a deeper level the metabolic effect of pLECM-AA on cells.
Although the method of decellularization and solubilization in this study was carefully designed to preserve most of the tissue properties, there is still much work to be done to identify the signaling mechanisms that promoted improved hepatocyte function on our pLECM-AA but not on pLECM-HCl and type I collagen matrix. For the time being, having a liquid pLECM-AA substrate that can be easily produced, stored, transported, printed, and applied to tissue culture plasticware represents a step forward in the ongoing advancements for liver studies that heavily rely on in vitro culture of hepatocytes.
